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data to  assist in  determining optimum wing loading and a i r f o i l  section 
selection t o  be used on development airplmes . P- similar investi-  
gation kse been conducted f o r  the wing of the P-47D airplano and t he  
results are presented in reference 1. 

The &ta- presented  hemin wera obtained  during C5.vos of the 
22-51 afrplane f o r  a Mach number range of 0 3 5  to C) .78 and a 
lift coefficient range of 0 .lo to 0 . 

The airplane  used f o r  the teat.9 is shown In figure 1 The w j . ~  
used on the  XP-51 airplme is similar t o  that used on all production 
modela of the fighter arld incorpora+;ee a North American modified 
EACA kk-~leriee airfoil sec tiou. 

Wool tufts wera a t ~ c h e d  t o  the uppor sur face of the l e f t  wing 
Between the 46- ixh  station m d  tha 1 9 - i n c h  atation aud chordwise 
pressure distribution w9.s obtained a t  the 52-inch station (A) and 
the 114-inch s ta t ion (B) . (See f i g .  2 .) The aree between these 
two stations fa considered t h e  t9s.t panel and has a chord length 
and maximum thickness of 31 .O inches and 0 .l53c, respectively, 
a t  s ta t ion (A) and 75.3 inches and 0.141c, respectively, at 
s h t i o n  (B) . 

Photographs cf the  wool tuf Bs during. the tea ts  were made by a 
33-mil lheter  novie camer.5 operating ai; a speeO of qproximately 
48 frames per mcond. 3imultmeous meaauroments of airspeed, 
a l t i tude,  normal accelemtion, and wTng surface pressures were  made 
by standard NACA recordlng . ins trtunents . . .  

The f l i g h t  tests covered a range of ailTlane l i f t  coefficients 
by making pull-up from le-re1  f l ight  et t h e  lower MEch nuribere end 
by makin# recoveries fram dime a t  the  higher Mach numbers. All 
data were obtsined at approximately 20,GOO feet. 

HESULTS 

Photographa of the tuft behavior. &ur% flight for various 
values of airplane lift coefficient a t  bhch numbera from 0.55 t o  0.78 
are presented i n  figures 3 and 4.  The' field of view is mff ic i en t  
t o  include both pressure measuring stations A Euid B snd 8 considersble 
portion of We %-percent  chord line. The photogl-aphs presented 
in   f igure 3 a r e  arran6ed to show the t u f t  behavior a t  several 
Mach numbers f o r  varloue airplane l i f t  coefficients. Those presented 
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i n  figure 4 are amangad t o  show the tuft behavior at several l i f t  
coefficients for various Mach numbers. 

m e  chordwise presme  dfstributions  occurring at stat ions A 
and 3 f o r  an a i r p h e  lift coefficient of 0.2 a t  various Mach numbers . 
are presented i n  figure 3 .  More prsssure gointer were avaf1dd.e for 
establishing the dis t r ibu t ions   a t   s ta t ion  B than were available a t  A 
which mey account for the greater irregulasl.ities shown a t B  slnce 
a more detailed fairing is possible. The c r i t i c a l  pressure l ine 
(local M = 1 .O) for the prevailing free-ekeem Mach number is 
superimposed. on the pressruce c3Lagrems. 

The m e 6  of .flow, indicated by motion pictures fran which 
f iguree 3 end 4 have been taken, have been c lass i f ied  into 
three general type&: 

(1) Steady f l o w  - The tufts are, in g e n a d ,  directed toward 
the rear and are mtionlese w i t h  the exaeption of very smal l  
oscrllRtions of the tuft ends. 

(2) ~ n s t e a k v  flow - Tufts  oscillating through a range of about 
43' from the  chord  direction. 

(3 ) Break-away f l o w  - Tufts o & i U t i n g  wildly about in all 
directions such as pointing forward, and b e h  ra ised aboixt 45O off 
of the aurface .. . It may be mentioned here .that the interpretations 
made of the tuft behavior 'in terms of ejrlsting P l m  i n  these ' teets 
differ somewhat frm,tl.los'e made in reference 1; however, sfnce . 
interpretat isn of flows by use of tuft 8tudieB eJme are necessarily 
qualftative, it fe poksible that diFfeyences. h interpr6te;tion 
may exist.  

Shown in figure 6 m e  boundaries of limit Mach numbers ae a 
function of airplan8 lift coefficient. The boundaries have been ' I 

esWblished f o r  (I) conditions of steady, unsteady, and break-away - .  . 
flow over the t e s t  -el (2) 1lh;it'pressure coefficient and limit 
eection  normal-force  coeffi.cient occurring at  ,station B md (3) the 
c r i t i ca l   ( l oca l  M = I .O) at  stations A and B . LFmit pressure coeffi- 
cient and 1Mt n o d - f o r c e  coefl"icient as ueed  herein are defined 
a6 the points at wMch the msxirmun pres&rce coefficient and the 
section  norzd-force  coef'ficient c e q e  to fncrease with a n  increase 
in Mach nm3er f o r  a given airplane lift coefficient.  The a c W  ' . 

Mach number and lift coefficient conibimtions used -.to eatablieh the 
boundaries of flow conditions were determined  fram observations of 
the movie film flharing the tuft behavior  throughout the dive 81ning 
each run. The resu l t s  of the  observations plo t ted  i n  figure 6 mag 
be used i n  coaibhation with tine photographs of figures, 3 to 4 to 
obtain a visual' concept of the air-flow  behavior Also inclnded in - 

figure 6 are curves of a i r p l a n e  lift coefficient required f o r  level 
flight at altitudes of 20,000, 30,000, 40,000 and 50,000 f e e t  f o r  a 
wing loading of 33 porn& per aquam foot. 
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Figure 7 shows e r n e  comparisons obtained from the flight tuft 
meaSUr~ment8 with thGse 'obtained during a s w e g  made i n  t h e  
Ames 16-foot high-epeed tunnel on the upper surface of the wing of 
a --scale model of the P-5lB. 1 

3 

DISCUSSION 

It may be noted in figure 3 'that a t  Mach numbers of 0 -55 and 
and 0.67 for the lower l i f t  coefficients the t u f t 8  indicate  steady 
f l o w  over the test  panel bEt at  the higher l f f t  coefficients 
uns teaiiy f l o w  occur8 over the f l ap .  At a Mach number of 0.73 
and a C, of 0 .XI the  t u f t 6  at about 0 . 5 5 ~  show a loca l   s ta te  of 
unsteady flow and as the l i f t  coefr"icient is increased the tufts 
from miachord location back t o  the trailing edge are unsteady. 
A t  Mach numbers highsr than 0 . 73 unateady and break-away flow aft 
of 0 . 5 5 ~  is indicated by the tufts for all L l f t  coefficiente tested. 

It mrq be men from figure 6 that  steady flow is maintained 
over the wing a t  Mach numbers less than 0.73 at a CL of 0 -10 
and Mach nm3ere lees than 0.68 at a CL of 0.6, and that 8 
lfnear relationehip  existe Between'these two limits t o  eah,bl ish 
the boundary bebmen steady and unsteady flow. It d s o  mny be 
aeen from the   c r i t i ca l  pressure lines for stations A andB i n  
f i g m e  6 that the preeence of unsteady flow occwa roughu  
0 .04 to 0 .O5 in Mach number a f t e r  the c r i t i c a l  of the t e a t  panel 
has been  exceeded. A t  Mach numbers higher than 0 .n at a 
CL of 0 .lo, or  of Mach numbers higher thvsl M = 0 -72 at a 
CL of 0 .a the flow becomes very rough .nd turbulent, 80 much 
80 that 8 sudden change from unatecbdy to break-away flow is  
indicated by the motion pictures. The condition of unstead;g flow 
over the wiq change6 to bre8k-awa.y f low shortly after the limit 
maximum presaure has been attained a t  atation B. The limit section 
normal-force  'coefficient a t  s ta t ion B occurs about 0 .O3 in Mach 
nmber &ter bre&-avay f low is, observed. 

The behavior of t h e  tufts FndLcates that the ac tua l   c r i t i ca la  
csn be exceedea shewhat before any change in f low pattern  occurs 
t o  produce changes of tple aerodynamic f,orces . The first indication 
of flow disturbance is local, representing o d y  a anall p o r t i m  of 
the wing, but  as  the Mach number i n  increased  further the disturbance 
takes place over 50 percent of the wing area. 

The curves of airplane lift coefficient requfred for level  
f l i g h t  a t  'vasious altiwdes included in figure 6 Rhow t ha t  unsteady 
and break-away flow w i l l  occur over tile w i n g  about 0 .O3 i n  Mach 
number ear l ie r  a t  an a l t i tude  of 50,000 feet than at E0,OOO fee t .  



It may be concluded from studies of the air-flow behavior over 
the upper wing BuTp.=ce of a P-51 wing aa Indicated by surface tufts 
that: 

1. Steady flow l e  mabtained over the wing at a Mach number lees 
than 0.73 for a % Df 0 .lo and a Mach nmiber less t h a n  0.68 for  a 

of' 0.60; combinations of M and CL higher then the linear 
relation between these sues proiiuce msteady f l o w  over the rear 
50 percent of the wing surface Unsteady flows are first observed 
roughly 0.04 to 0 .O'j in Mach number above the wing critical 
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2- Break-avay flpw f i r s t  occurs a f t e r  Macn numbers cf 0 -77 
and 0.72 a t  a C, of 0.1 a r d  C .6, respectively,  hrve been exceeded 
and ie observed short ly   af ter  the  limit msximum pressure ccef l f -  
cient has Seen reached. L1ul-t  normal-force coefficient of the 
wing aection occurs about 0 .O3 i n  Mach number d t a r  brettk-awey flow 
is  f irat obaerved over the wing. 

3 .  Obaemations of &ace tufts alor-e without banofit  of 
prevailing pressure distributions.  rmyr Inbicate nep.uated flow before 
separation  actuttlly occurs. 

4. Surveys made in the wind tunnel and during flight ahowed 
good agrement w i t h  the exception of t h e  f lows occurring over t he  
airplane 1,anding f l a p  . ".a discrepancy i s  prohebly due to - b e  
break in  the wing surface a t  the f l ap  junction. 

Langley Manorial Aeronautical Laborstory 
IVstiond Advisory C a m d l  ttee f o r  Aeronautlcs 

Lmslejr Field, Va. 

1. Wood, Clokire ,  and Zalovcik, John A.:  Flight  Investigation at 
9i& Speeds of Flow Conditiona over an Airplane Wing as 
IndAcated by Surface W t s  . IiACA No. L5E22, 1943. 



Figure 1.- Thee-quarter front view of the XP-51 airplane: 
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(a) M = 0 . 5 5  

F i g u r e  3.- P h o t o g r a p h s   o f   t u f t   b e h a v i o r  on t h e  upper 
s u r f a c e  o f  t h e  XP-51 wing a t  v a r i o u s   a i r p l a n e  
l i f t  c o e f f i c i e n t s .  
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S t e a d y  Flow 
CL = 0.2 

Steady Flow 
CL = 0.3 

S t e a d y  F l o w  
CL = 0.4 

Steady F l o w  
C L  = 0 . 5  

UnR t e a d  y Flow 
.L = 0-6 NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

( b )  Mi.= 0.65 
Figure 3 .- Cont inued .  
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S t e a d y  Flow 
CL = 0.1 

S t e a d y  Flow 
CL = 0.3 

S t e a d y  Flow 
CL = 0.2 

Uneteadg Flow 
CL = 0 . 4  

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

(cl M = 0.7a 

F i g u r e  3 .  - Cont inued .  



NACA RM No. L6Lo3' 

Unsteady Flow 
CL = 0.1 

Unsteady F l o w  
CL = 0.3 

Fig. 3d 

Uns teady  Flow 
C L  = 0.2 

Uns teady  F l o w  
C L  = 0.4  

NATIONAL ADVISORY 
COMMITTEE FOR AEROMJTICS 

( d l  M = 0.73 

F i g u r e  3. - Cont.inued. 
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Unsteady Flow 
CL = 0.1 

Fig. 3e 

Unsteady Flow 
CL = 0.2 

Breakaway Flow 
CL = 0.3 

Breakaway Flow 
CL = 0.4 

NATIONAL ADVISORY 
COMMITTEE FOR AEROMAUTICS 

( e )  M = 0 . 7 5  

F i g u r e  3.- Continued. 
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Breakaway Flow 
CL = 0.1 

Breakaway Flow 
CL = 0.2 

Breakaway P l o w  
C L  = 0.3 NATfONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

Figure 3 .  - Concluded. 
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Unsteady  Blow 
M = 0 . 7 5  

Uns teadj; F1 ow 
li. = 0.73 

Breakaway F l o w  
M = 0 . 7 8  

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 
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Steady  Flow 
M = 0.55 

Steady  Flow 
M = 0 . 6 5  

Steady Flow 
M = 0.70 

Unsteady  Flow 
M = 0.73 

Unsteady Flow 
M = 0.75 

Breakaway Flow 
M = 0.78 

I b )  CL = 0.2 NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Figure 4. - Continued. 
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S t e a d y  F l o w  
M = 0.65 

S t e a d y  F l o w  
M = 0.70 

Unsteady Flow 
M = 0.73 

Breakaway Flow 
M = 0.75 

Breakaway F l o w  
M = 0.78 NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 
( c )  CL = 0.3 

F i g u r e .  4 .  - C o n t   h u e d  . 
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S t e a d y  Flow 
M = 0.65 

Uns t e a d y  F l o w  
M 5 0.73 

Fig. 4d 

Unsteady  Flow 
K = 0 . 7 0  

Breakaway F l o w  
pi = 0.75  

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

I d )  C L  = 0.4 

F i g u r e  4 .  - Conc  luded . 
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Fig. 7 

CL = 0.10 
M = 0 . 7 5  

F l i g h t  

CL = 0.04 

M = 0 . 7 5  

Wind Tunnel 

NATIONAL ADVISORY 
COMMITTEE FOR AEROIAUUTICS 

Figure 7 . -  Comparison of f l i g h t  and wind tunnel 
t u f t  surveys .  
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CL = 0.30 

M = 0.75 

CL = 0.30 

M = 0.75 

CL ='0.10 

M = 0 . 7 8  

Fli gh t Wind Tunnel 

NATIONAL ADVISORY 
COHMITTEE FOR AERONAUTICS 

Figure 7.- Concluded. 
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